This paper reports in-plane electrostatic comb-drive actuators with stroke as large as 245 µm, achieved by employing a novel Clamped Paired Double Parallelogram (C-DP-DP) flexure mechanism. For a given flexure beam length (L 1 ), comb gap (G), and actuation voltage (V), this is currently the largest comb-drive actuator stroke reported in the literature. The C-DP-DP flexure mechanism design offers high bearing direction stiffness (K x ) while maintaining low motion direction stiffness (K y ), over a large range of motion direction displacement. The resulting high (K x /K y ) ratio mitigates the on-set of sideways snap-in instability, thereby offering significantly greater actuation stroke compared to existing designs. Further improvement is achieved by reinforcing the individual beams in this flexure mechanism. While the traditional Paired Double Parallelogram (DP-DP) flexure design with G = 3 µm, L 1 = 1 mm results in a 50 µm stroke before snap-in, the reinforced C-DP-DP design with G = 3µm achieves a stroke of 141 µm. The same C-DP-DP flexure design provides a 215 µm stroke with G = 4 µm, and a 245 µm stroke with G = 6 µm. The presented work includes closed-form stiffness values for the reinforced C-DP-DP flexure, a design procedure for selecting dimensions of the overall comb-drive actuator, micro-fabrication of some representative actuators, and experimental measurements demonstrating the large stroke.
INTRODUCTION AND BACKGROUND
Electrostatic comb-drive actuators have been used in various applications such as resonators [1, 2] , filters [3] , micro-grippers [4] , and micro/nano positioning [5] [6] [7] . A linear in-plane electrostatic comb-drive actuator comprises two electrically isolated conductive combs with N fingers each, as shown in Fig.1 . While the static comb is fixed with respect to ground, the moving comb is guided via a flexure mechanism so that it can displace primarily in Y direction with respect to the static comb. These static and moving comb fingers (length L f , inplane thickness T f , out-of-plane thickness H f ) have a nominal inter-digitation gap of G and an initial engagement of Y o . The flexure mechanism is designed to provide linear guided motion and relatively small stiffness (K y ) in the Y direction (or motion direction), along with minimal error motions (E x ) and relatively high stiffness (K x ) in the X direction (or bearing direction). In an ideal scenario, K y and E x would approach zero while K x would approach infinity. However, in practice, this is never the case given the performance tradeoffs between motion range, stiffness, and error motions that exist in flexure mechanisms [8] , and manufacturing imperfections that are inherent to microfabrication processes [9, 10] . High stiffness (K  ) and low error motion (E  ) are also desirable in the in-plane yaw rotation [11] . Since K  can be independently made large and E  is inherently zero for the flexure designs considered here, in-plane rotation is initially ignored. The three out-of-plane directions are also bearing directions but are less critical in the overall performance of the in-plane comb-drive actuator [12] . When a voltage difference (V) is applied between the two combs, they experience a mutual electrostatic attraction, which produces a displacement Y along the motion direction: 
Here,  is the dielectric constant of air. The bearing direction displacement X can arise due to flexure error motion, fabrication misalignment, electrostatic forces, or a possible disturbance in the X direction. While the displacement Y is dictated by the comb geometry, motion direction flexure stiffness, and the actuation voltage, its maximum stroke is limited by the snap-in phenomenon, which corresponds to sideways instability of the moving comb [13, 14] . For any Y displacement, the electrostatic force due the actuation voltage V produces a destabilizing or negative spring effect and the flexure mechanism offers stabilizing or positive spring effect in the X direction. The former increases with increasing stroke, while the latter generally reduces. The moving comb snaps sideways into the static comb at the Y displacement at which the former stiffness exceeds the latter. This condition may be mathematically expressed as [13, 15] :
This snap-in condition assumes that the comb-fingers are perfectly rigid and all compliance comes from the flexure. The right hand side represents a "critical stiffness ratio" needed to avoid snap-in and clearly increases with displacement Y and error motion E x . E x includes any motion or misalignment of the moving comb in the X direction with respect to its nominal zero position due to flexure mechanics or fabrication imperfections in the absence of electrostatic force [13] . Clearly, to delay snapin and maximize the actuator stroke, the flexure mechanism has to provide a high (K x /K y ) ratio that is maintained over a large range motion direction range. Since E x is generally nondeterministic, its effect is incorporated via a positive Margin of Stability (S). Stable operation is given by:
The paired Double Parallelogram (DP-DP) flexure mechanism has been most commonly used in electrostatic comb-drive actuators [2, 13, 14, [16] [17] [18] . While this flexure provides a high stiffness ratio (K x /K y ) at Y = 0; its K x drops precipitously with increasing Y displacements even as K y remains largely constant. This limits the comb-driver actuator stroke due to early snap-in. Pre-bent beams in the DP-DP flexure help shift the Y displacement value at which K x is maximum, but do not contain the drop in K x with increasing Y [13] . This results in some improvement in the actuator stroke at the expense of robustness [15] . Other designs are successful at containing the drop in K x stiffness with increasing Y displacement by appropriately constraining the secondary stage(s) in a DP or DP-DP flexure [19] ; however, this also results in an increase in the motion direction stiffness K y , which is undesirable.
Recently, we have proposed a new Clamped Paired Double Parallelogram (C-DP-DP) flexure mechanism, which offers high K x over a large Y displacement range, while maintaining low K y throughout. This new design is described in Section 2, along with closed-form analytical expressions for its K x and K y stiffness. With these improved stiffness characteristics, the C-DP-DP flexure is well suited for achieving large-stroke in comb-drive actuators. In Section 3, we present a step by step recipe to optimally select the dimensions of this flexure as well as the comb-drive to design an actuator with large stroke, small actuation voltage, and small footprint. Micro-fabrication of some representative actuators and experimental results are elaborated in Section 4. With the C-DP-DP flexure, a maximum actuation stroke of 245 µm with 1 mm flexure beam length and 6 µm comb finger gap has been demonstrated.
FLEXURE MECHANISM DESIGN
The paired Double Parallelogram (DP-DP) flexure is shown in Fig.2 . This standard geometry, including a single DP as well as the DP-DP, has been extensively studied in the past [8, 14] . Here, we assume a general shape for each constituent beam, with two equal end-segments having uniform thickness Closed-form non-linear stiffness relations for this flexure geometry have been previously derived [8] and are summarized here: 
Here, the non-dimensional terms [20] These are graphically illustrated in Fig.3 and mathematically expressed as follows: 
(0) 11 k corresponds to the normalized elastic stiffness of an individual beam in the motion direction; ( 
1) 11
k corresponds to the kinematic effect of beam arc-length contraction as it bends as well as load-stiffening of the beam in the motion direction in the presence of a bearing direction force; ( 
g corresponds to the elastokinematic effect that contributes additional bearing direction beam compliance in the presence of motion direction displacement; and 33 k is the elastic stiffness of the individual beam normalized with respect to its bending stiffness.
As per Eq.(4), the DP-DP flexure provides a low K y stiffness that remains constant with Y, and reduces to a simple expression in the absence of significant bearing force F x . This motion direction stiffness depends directly on (0) 11 k , which is insensitive to values of a 0 around 0.5 but grows significantly as a o decreases (Fig.3 ). This mechanism also provides a high K x stiffness for Y = 0, as per Eq.(5). However, this stiffness drops precipitously with increasing Y displacement (Fig.4) . Analytically, there are two sources of additional compliance, as seen in the denominator of Eq.(5). The first source arises from the elastokinematic effect manifested in the product ( 
1) 33 11
k g , which approaches zero with reducing a 0 (Fig.5 ). However, this is dominated by the second source that is based on the kinematic effect, manifested in the term
latter is at least two orders of magnitude greater than the former, is largely insensitive to variation in a 0 , and never approaches zero (Fig.5) . Therefore, as seen in Fig.4 , while the initial K x / K y ratio at Y = 0 can be increased by approaching lumped compliance (i.e. lower value of a o ), the impact of this shape variation is negligible at higher Y displacements. Stiffness Ratio (
Figure 4: (K x /K y ) stiffness ratio provided by DP-DP and C-DP-DP flexures for different values of beam reinforcement (a o ). A typical critical stiffness curve is included to demonstrate the effect of stiffness ratio on comb-drive actuator snap-in.
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Qualitatively, the kinematic or load-stiffening effect is fundamental to a beam flexure and does not go away simply by beam shape optimization. The reason it plays an important role in the DP-DP flexure's bearing direction stiffness is because of the mechanism topology. In this design, the secondary stages of both the DPs are inadequately constrained in the Y direction. When the Y displacement of the motion stage is held fixed, and a small bearing direction force F x is applied, the two secondary stages move opposite to each other in the motion direction from their nominal displacement of Y/2. This is because the motion direction stiffness of the each of the individual beams within the two DPs changes in the presence of F x due to the loadstiffening effect. In the absence of this "extra" motion direction displacement of the two secondary stages, the kinematic error of the individual beams in the bearing direction no longer cancels out perfectly, thereby producing an "extra" X displacement at the motion stage and therefore lower K x .
Figure 5: Elastokinematic and kinematic contributions to the bearing direction compliance of DP-DP flexure
Furthermore, as given by Eq.(6), the yaw direction stiffness (K  ) also drops with increasing Y displacement. But since this drop is dependent only on the elastokinematic effect manifested in the product (1) 33 11 k g , the drop is relatively less and can be further restricted via smaller values of a 0 .
In order to avoid the above-described sharp decrease in the X bearing stiffness, it is desirable to constrain the Y motion of both the secondary stages such they always remain at their nominal value Y/2, i.e. at half of the Y motion of the motion stage. However, any topological feature that is considered to accomplish this should not restrict the small X displacements of each of these secondary stages. Restricting this X displacement, which is a kinematic component, would lead to an overconstraint in the overall flexure mechanism, resulting in very high motion direction stiffness (K y ).
We have recently proposed the Clamped Paired Double Parallelogram (C-DP-DP) flexure mechanism that accomplishes the goal of appropriately constraining the secondary stages via an external clamp as shown in Fig.6 [21] .
In this design, the two secondary stages are connected to an external clamp via secondary parallelogram (P) flexures. The high rotational stiffness of these P flexures minimizes any relative Y displacement between the two secondary stages, forcing them to maintain Y/2 displacement at all times. This constrains these stages from responding to an X direction force on the motion stage. Also, the low X direction stiffness of the secondary P flexures offers minimal resistance to the kinematic X direction displacement of the secondary stages.
The analytical relations for the motion and bearing stiffness of the C-DP-DP flexure have been separately derived [21] and are summarized here:
The beam characteristic coefficients here are the same as earlier (Eq. (7)). Although beams in the secondary parallelograms are assumed to be of uniform thickness, it is straight-forward to introduce a separate beam shape parameter a 0 ′ for them later, if needed [21] . g remains. Since the latter is at least two orders of magnitude smaller than the former, this implies that the drop in K x stiffness now is significantly reduced and that the clamp proves to be effective. Furthermore, because of the sensitivity of the elastokinematic term to beam shape, reinforced beams (a 0 < 0.5) may be used to produce even greater improvements in the bearing stiffness K x of the C-DP-DP flexure. This is in contrast with the DP-DP flexure for which beam reinforcement produces marginal benefits. The (K x /K y ) stiffness ratio for the C-DP-DP flexure for two different values of a o is shown in Fig.4 , which demonstrates its superior stiffness characteristics compared to the DP-DP flexure. Also shown is a representative critical stiffness ratio curve for a typical comb-drive actuator, and the resulting snapin conditions for the flexure designs considered here.
The in-plane yaw stiffness (K  ) of a C-DP-DP flexure with high  remains the same as that for the DP-DP, as given by Eq.
(6). All the results in this section assume perfectly rigid stages, external clamp, ground anchors, and beam reinforcements. These results have been extensively validated via finite elements analysis, and reported separately [21] .
COMB-DRIVE ACTUATOR DESIGN RECIPE
In this section, we present a systematic procedure for designing a C-DP-DP flexure based comb-drive actuator to maximize its actuation stroke while minimizing device footprint and actuation voltage. Given the several constraints and tradeoffs involved, the goal here is to obtain a good starting point for the flexure and comb-drive dimensions ( 3 , G, L f , and T f ) based on some simplifying assumptions, and subsequently iterate to further refine the overall design.
The following assumptions are made initially and are revisited during later design steps: 1. Analytical results in the previous section show that the optimization of the external clamp and secondary parallelograms is decoupled from the final stiffness of the C-DP-DP flexure, as long as the clamp is effective. Since an optimal clamp that provides high  can always be created subsequently, motion and bearing stiffness values corresponding to high  (→ ∞) are assumed at the on-set of this design procedure.
2. The motion stage, secondary stage, external clamp, ground anchors, and beam reinforcements are all assumed to be perfectly rigid.
3.
Although the in-plane rotational stiffness (K  ) of the C-DP-DP flexure is high, it is assumed infinity and therefore ignored in the first iteration.
4.
Although the C-DP-DP flexure exhibits theoretically zero error motions in the X and  directions because of its inherent symmetry, misalignment and error motions due to fabrication imperfection are inevitable. Therefore, a safety margin of S = 1 (see Eq. (3)) is assumed to provide robustness against such nondeterministic factors.
5.
Silicon is chosen as the flexure and comb-drive material, which sets an upper bound for the maximum achievable stroke due to mechanical failure. For a generalized beam flexure, the yield limit is given by [8] 
where S y is the yield strength and E is the Young's Modulus. 6. An initial comb-finger engagement Y 0 is needed to overcome fringing effects that are important for small Y displacements. However, Y 0 is much smaller than the maximum Y displacement and is therefore dropped in the initial steps of the design procedure.
With these assumptions in mind, one can now substitute the motion and bearing direction stiffness expressions for an optimal C-DP-DP (Eqs. (10) and (11)) into the snap-in condition (3) for a comb-drive actuator: 
This snap-in condition corresponds to maximum motion direction displacement Y max , which is also the actuation stroke, and associated stiffness values. The actuation voltage V max at this maximum displacement may be obtained from Eq.(1):
The left hand side in the above equation represents the actuation effort, which should generally be minimized. Lower N helps reduce the device foot-print and V max is often restricted by practical instrumentation and operational limits.
As earlier, 7). We next present a step by step recipe for choosing the dimensions of the C-DP-DP and combdrive that employs the analytical knowledge compiled so far.
Step 1: Start with assuming a dimension for the flexure beam length L 1 , which directly impacts the device foot-print. In the first iteration, we start with a value of L 1 = 1 mm.
Step 2: Minimizing the T 1 /L 1 ratio lowers the actuation effort (Eq. (14)) and reduces the bending stress in the flexure beams. A smaller T 1 /L 1 ratio also increases the left hand side of Eq. (13) , thus delaying the snap-in condition. Therefore, the flexure beam thickness should be chosen to be a small value dictated by the practical limits of the micro-fabrication process. As mentioned in the next section, this limit is 1.7 m in our case, and we choose T 1 = 3 m, which corresponds to a T 1 /L 1 ratio of 0.003.
Step 3: Now, the two key remaining design variables in Eqs. (13) and (14) are a 0 and G. These two equations may be solved simultaneously to eliminate G to produce:
The above condition can be plotted on an NV 2 max versus Y max graph for multiple fixed values of a 0 (Fig.7) . Each solid line, referred to an iso-a 0 line represents a fixed value of a 0 and varying values of G. Similarly, the above equations are solved to eliminate a o , and the resulting condition is plotted on the same NV 2 max versus Y max graph for fixed values of G. Each dashed line, referred to an iso-G line, represents a fixed value of G and varying values of a 0 . Moving along an iso-a 0 line, it is clear that for a given beam shape (a 0 ), one can achieve higher stroke by increasing the comb-gap G, but this also increases the actuation effort NV 2 max . Similarly, moving along an iso-G line, one can achieve greater stroke by reducing a 0 , which once again leads to a higher actuation effort.
Figure 7: Design and performance space for C-DP-DP flexure based comb-drive actuators
From the design and performance space presented by Fig.7 , one can graphically choose the beam shape a 0 and comb-gap G to maximize stroke while minimizing the actuation effort. There is a lower bound on G dictated by the micro-fabrication process (2 m, in our case) and an obvious upper bound on a 0 (0.5). These bounds produce a feasible design and performance space, represented by the shaded region in Fig.7 .
Step 4: At this point, one can either set a maximum allowable actuation effort and pick the corresponding actuation stroke; or alternatively choose the desired actuation stroke and pick the actuation effort. We choose a desired actuation stroke greater than or equal to 250 m.
Step 5: For a desired stroke, clearly smaller values of a o and G in the feasible design space result in the lowest actuation effort. However, one has to be caution while choosing small values of these two design variables. Small a o leads to increasingly higher stresses in the flexure beams and the material failure becomes a concern. For a given Y max , a 0 may be chosen to maintain an adequate margin of safety against material failure using Eq. (12) . Separately, the snap-in condition becomes highly sensitive to error motions E x for very small G, and the assumed safety margin S of 1 can prove to be adequate. For our designs, we chose a 0 = 0.2 and G values in the range of 3-6 m.
Step 6: Having chosen a o and G in the previous step, we now have a numerical value of the actuation effort from Fig.7 . The number of comb-fingers N can be chosen next while keeping the maximum actuation voltage V max within relevant practical limits. We selected V max = 150V based on our existing instrumentation capabilities.
Step 7: One can now start to layout the flexure mechanism and the comb-drive. The dimensions W 1 and W 2 should be chosen such that rotational stiffness K  given by Eq. (6) is adequately high. If it is more than an order of magnitude higher than K x L 4 2 at Y max , the contribution of the rotational stiffness may be ignored. Here L 4 is the distance along Y axis from the center of the flexure mechanism to the center of the comb-drive. If this condition is not met, then the rotational stiffness should be taken into account in the next iteration using a modified version of the snap-in condition [11] .
Step 8: The external clamp is designed next. Using Eq.(8), choose L 3 to be large enough so that increase in the motion direction stiffness K y due to the clamp over the above-selected Y max is within a few percent. Next, choose T 3 to be a small but practically feasible value. We choose T 3 to be equal to T 1 , i.e. 3 m. Next, choose W 3 and L 2 to make the clamp effectiveness parameter  at least 100. With an effective clamp thus designed, it can now be included in the overall device layout.
Step 9: Next, choose the in-plane thickness for the motion stage, secondary stages, and external clamp to be at least 50 times that of the flexure beams (T 1 ). If these dimensions are chosen to be less for whatever reason, then the contribution of these stages to the bearing direction stiffness K x should be estimated, and a revised snap-in condition with this reduced effective K x should be used in the next design iteration.
Step 10: Choose Y 0 to be at least 2-3 times the comb-gap G. Then, choose the comb-finger length L f to be slightly greater than (Y 0 + Y max ). For this comb-finger length, the comb-finger thickness T f should be chosen to avoid local snap-in of individual finger. This is given by the following condition [22] : 1  4  2  3  max  3  2 24 , where 3.516
Step 11: Note that the depth of the flexure beams and combfingers, H f , does not play a role in the overall actuator performance and should be selected to be large enough to avoid out-of-plane collapse during fabrication or operation. This concludes the first iteration of the overall actuator's dimensional layout including the flexure and the comb-drive. If the device foot-print turns out to be too large or too small, one can start the process again from Step 1 with a different value of beam length L 1 . Once an acceptable foot-print is achieved, a final check on the actuation, snap-in, and material failure conditions should be performed while removing the previously listed assumptions. This can lead to further refinement of the actuator dimensions. This procedure was used to design several devices that were subsequently fabricated.
EXPERIMENTAL RESULTS AND DISCUUSION
A. Fabrication The comb-drive actuators were fabricated using two different process flows -surface and bulk micromachining -as shown in Fig.8 . In both methods, silicon on insulator (SOI) wafers with device layer of 50 µm, buried oxide layer of 2 μm, and silicon handle layer of 350 µm were used. The device layer of these SOI wafers is heavily boron doped (P type) with resistivity of 0.001-0.005 Ω-cm. In the surface micromachining based process flow, the device layer was first patterned by lithography methods, and then etched using deep reactive ion etching (DRIE). The minimum standing beam width achievable with our DRIE recipe is 1.7 μm. After this etching step, devices were diced and then released by etching the buried oxide layer using concentrated Hydrofluoric (HF) Acid (49%) at an etchrate of 1.5 μm/min. Finally, critical point dryer was used to dry samples to avoid stiction [23] . In this drying method, liquid CO 2 is transferred to vapor via the supercritical phase (@T c =38º, P c =80atm) to avoid capillary forces that arise from the surface tension at the liquid-vapor interface. For this drying method to be successful, overnight soak in alcohol (e.g. methanol) before drying is recommended. With this method, devices with up to 3.5 mm suspended length were released successfully; however, the possibility of stiction remained high for actuators with 4 or 5 mm suspended lengths. To overcome this limitation, we used the second method of fabrication shown in Fig.8 . In this method, the silicon handle layer was first patterned and etched by DRIE; then, the buried oxide was removed by HF etching; and, finally the device layer was patterned and etched. A scanning electron microscope (SEM) image of a representative fabricated device is shown in Fig.9 .
B. Characterization
The fabricated comb-drive actuators were driven by DC voltages applied via probes at the static and moving combs. The voltage was swept to the desired maximum voltage in a ramp profile with 1 V incremental steps and 0.05 s hold time between steps. The displacement response of the actuators was observed using an optical microscope and video-captured with a CCD camera. Subsequently, displacement measurements were was extracted from the video using image processing software. These measurements were found to be repeatable within 1 μm. Fig.10 shows the displacement versus voltage curves for three different flexures with comb gap of 3 µm, beam length of 1 mm, a 0 =0.5, and beam width of 4 µm. The measured actuator stroke using the traditional DP-DP flexure with these dimensions was 50 µm. This stroke increases to 119 µm for a C-DP-DP flexure with the same dimensions. This stroke further increases to 141 µm when reinforced beams with a 0 =0.2 are used. This is 2.82 times higher than the actuation stroke provided by the DP-DP flexure, thus highlighting the superior performance of the reinforced C-DP-DP flexure in electrostatic comb-drive actuators.
C. Voltage-Stroke Curves
As shown previously, the stroke of comb drive actuator can be further improved by increasing the comb gap. This is demonstrated in Fig. 11 , where a stroke of 215 µm is reported for a C-DP-DP flexure with beam length of 1 mm, comb-gap of 4 µm, and a 0 = 0.2. The benefit of beam reinforcement is also evident here. With an identical design, the experimentally measured stroke is 170 µm and 157 µm for a 0 =0.3 and a 0 =0.4, respectively. Finally, a large stroke of 245 µm at 120V for a C-DP-DP flexure with beam length of 1 mm, a 0 =0.2, and comb gap of 6 µm is also reported on this figure. For a given flexure beam length, comb gap, and actuation voltage, this is the largest comb-drive actuator stroke reported in the literature (Fig.12) , to the best of our knowledge. 
CONCLUSION
This paper presents the Clamped Paired Double Parallelogram (C-DP-DP) flexure mechanism with reinforced beams, which offers high bearing direction stiffness (K x ) while maintaining low motion direction stiffness (K y ), over a large range of motion direction displacement (Y). Closed-form analytical expressions for these non-linear stiffness characteristics are provided. It is shown that this flexure mechanism helps delay the on-set of snap-in instability in a comb-drive actuator and therefore provides greater actuation stroke. A systematic procedure for designing a C-DP-DP flexure based comb-drive actuator to maximize its actuation stroke while minimizing device foot-print and actuation voltage is presented. For 1 mm flexure beam length and 6 µm comb gap, strokes as large as 245 µm have been demonstrated. This experimental proof along with the analytical formulation clearly highlights the effectiveness of the C-DP-DP flexure for large range comb-drive actuators. 
